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a b s t r a c t
BOLD fMRI (blood oxygenation level dependent functional magnetic resonance imaging)
is increasingly used to detect developmental changes of human brain function that are
hypothesized to underlie the maturation of cognitive processes. BOLD signals depend on
neuronal activity increasing cerebral blood ﬂow, and are reduced by neural oxygen con-
sumption. Thus, developmental changesofBOLDsignalsmaynot reﬂect altered information
processing if there are concomitant changes in neurovascular coupling (the mechanism
by which neuronal activity increases blood ﬂow) or neural energy use (and hence oxy-
gen consumption). We review how BOLD signals are generated, and explain the signalling
pathways which convert neuronal activity into increased blood ﬂow. We then summarize
in broad terms the developmental changes that the brain’s neural circuitry undergoes dur-nergy ing growth from childhood through adolescence to adulthood, and present the changes in
neurovascular couplingmechanisms andenergyusewhich occur over the sameperiod. This
information provides a framework for assessing whether the BOLD changes observed dur-
ing human development reﬂect altered cognitive processing or changes in neurovascular
coupling and energy use.© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
By way of the BOLD (blood oxygenation level depen-
dent) signal, functionalmagnetic resonance imaging (fMRI)
provides an effective means of measuring brain activity in
humans. Critically, the technique is non-invasive and thus
safe for use across all age groups, including children. This
makes fMRI potentially the most powerful tool available
today for studying the neural underpinnings of the vast
cognitive and social development that occurs during the
ﬁrst years of life. Over the past twenty years, fMRI has been
vital in providing insight into the normal development of
the neural strategies involved in human language acqui-
sition, visual recognition, and memory (Baird et al., 1999;
Casey et al., 1995; Gaillard et al., 2000; Thomas et al., 1999).
fMRI is also well suited to studying abnormal neural devel-
opment indiseases such as epilepsy and schizophrenia, and
indisorders suchasdyslexia andADHD(Gaillard, 2000;Gur
and Gur, 2010; Pugh et al., 2000; Vaidya et al., 1998).
It is important to note, however, that the conclusions
drawn from developmental fMRI studies often rely on the
assumption that the BOLD signal reﬂects the same set of
processes in the developing brain as in the adult brain
(despite neuronal signalling changes as dramatic as GABA
switching from being an excitatory transmitter in early
development to being inhibitory later: see Section 7.3).
This assumption is worth assessing critically because the
BOLD signal is not a direct measure of any one compo-
nent of neural activity, but in fact reﬂects the behaviour of
several different brain processes, which all undergo mas-
sive developmental changes in the early years of life. For
example, regional blood ﬂow, the levels of neuronal and
astrocytic enzymes that regulate blood vessel diameter,
astrocyte morphology, and hence the coupling of neuronal
activity to blood ﬂow changes (neurovascular coupling),
may all change alongside neural activity. These changes in
neurovascular coupling mechanisms (and also in cellular
energy use) may compromise the power of BOLD imaging
to detect “real” developmental changes in neuronal infor-
mation processing, possibly producing changes of BOLD
signal with development when there is no change in neu-
ronal processing (false positives), or obscuring BOLD signal
changes that would otherwise occur as neuronal signalling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
changes with age (false negatives). An extreme example
of such interpretional problems, discussed in detail later
(Section 6), is that sensory stimulation evokes a “normal”
positive BOLD signal in neonates and adults, but a nega-
tive BOLD signal in infants and young children, implying
that there are two transitional ages at which no BOLD
signal is produced by neural activity. For robust interpre-
tation of developmental fMRI data, therefore, it is crucially
important to understand in as much detail as possible the
developmental changes of brain processes other than neu-
ronal activity which may inﬂuence the BOLD signal.
Here, we review the physiological changes observed in
neuronal and vascular networks in the developing brain,
with a particular focus on those features which may alter
the BOLD signal with age. We then discuss which factors
are primarily responsible for changes in the BOLD signal
during development, and outline the main considerations
that should be taken into account when interpreting the
results of developmental fMRI studies.
2. How is the BOLD signal generated?
To understand the factors that may affect the BOLD sig-
nal during development, we must ﬁrst understand how
it is generated. Essentially, by monitoring local increases
in cerebral blood ﬂow (CBF) that are associated with neu-
ral activity, the BOLD signal provides an indirect measure
of brain activity with reasonably high spatial precision
(1.5–3mm). As outlined in Fig. 1, the method depends crit-
ically on the relationship between neural activity and CBF,
which was ﬁrst noted over 100 years ago, but is now much
better characterized (Mosso, 1880; Roy and Sherrington,
1890; early studies are reviewed by Iadecola, 2004). Neural
activity leads to ATP expenditure, largely on the pumping
out from neurons of ions which enter to generate synap-
tic and action potentials (Attwell and Iadecola, 2002). This
evokes an increase in oxygen consumption to regenerate
ATP which, within a few seconds, is followed by a dis-
proportionate increase of blood ﬂow to the active area.
Associated with these local changes in oxygen consump-
tion andblood supply, there are changes in the local oxygen
concentration (which initially falls due to consumption,
and then rises above its baseline value when the increased
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Fig. 1. Schematic diagram showing the different stages of how BOLD signals are generated, from neurobiology through physics to data analysis. On the
left, neuronal activity releases transmitters (glutamate) which act via neuronal and astrocytic signalling systems to trigger an increase of local blood
ﬂow. Neuronal activity also leads to O2 consumption and generation of paramagnetic deoxygenated haemoglobin (Hb) from diamagnetic oxygenated
haemoglobin (HbO2). The blood ﬂow increase brings in fresh oxygenated blood which (in adults) lowers the local concentration of Hb. This decreases the
non-homogenizing effect that Hb has on the local magnetic ﬁeld which protons in H2O experience. As a result, after a radiofrequency (RF) pulse is applied
transverse to the magnetic ﬁeld used to align the proton spins (Bo), the synchronised spin precession in the transverse plane dephases more slowly (graph
on right). The difference in decay time between the red (HbO2) and blue (Hb) curves in the graph generates the increased MRI signal from protons in areas
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evels of oxygenated and deoxygenated haemoglobin.
Through their different magnetic properties (Pauling
nd Coryell, 1936), these molecules provide the basis of
he BOLD signal (Ogawa et al., 1990). During the initial
ncrease in oxygen consumption, oxygen is taken from
iamagnetic oxyhaemoglobin, leaving behind paramag-
etic deoxyhaemoglobin, which makes the magnetic ﬁeld
xperienced by protons in surrounding water molecules
ess homogenous and thus decreases the magnetic reso-
ance signal from these protons. During the subsequent
ncrease of blood ﬂow (which in fact partly overlaps with
he increase of O2 consumption), the initial tendency to
n increase in deoxyhaemoglobin level is converted to a
ecrease, by the delivery of fresh oxygenated blood, thus
ncreasing the magnetic resonance signal (Fig. 1). It is this
elayed decrease of deoxyhaemoglobin level, reﬂecting a
ocal increase in blood ﬂow, that dominates the (positive)
MRI signal detected in most BOLD imaging experiments
there is also a contribution to the signal from a local
ncrease in blood volume which we ignore for simplicity
s it is probably driven passively (Hoge et al., 1999) by the
ncrease in ﬂow). Thus, the size of the BOLD fMRI signal isa structural image of the brain at the top right.
determined by the difference between the amount of blood
ﬂow increase, which increases the signal, and the use of O2
by neurons, which reduces the signal.
It is important to note that the BOLD signal cannot be
viewed as a direct read-out of the metabolic demand asso-
ciated with activity in the tissue (indeed, as noted above,
O2 consumption decreases the BOLD signal). In particular,
BOLD signals need not directly report spiking activity in
the imaged area, but instead reﬂect the many factors asso-
ciated with neural activity which lead to an increase in
blood ﬂow. Most importantly, neurotransmitters released
during synaptic activation are nowknown to directly inﬂu-
ence local blood ﬂow and it is thought that the BOLD signal
may most closely reﬂect the excitatory synaptic compo-
nent, rather than the action potential component, of neural
activity (reviewed by Attwell & Iadecola, 2002; Logothetis,
2008; Attwell et al., 2010).
Critically for developmental studies, the synaptic archi-
tecture and signalling pathways that control blood ﬂow
change with age, implying that the relationship between
neural activity and blood ﬂow is likely to change as well. In
addition, the O2 use associated with neural activity, which
decreases the positive BOLD signal, is also likely to change
with development. Finally, vascular networks themselves
ognitive202 J.J. Harris et al. / Developmental C
change with age, directly altering the way in which blood
ﬂow responds to neural activity, and potentially alter-
ing the signal to noise ratio of the BOLD signal, which
increases with the fraction of the tissue that is occupied
by blood (Ogawa et al., 1993; Bandettini and Wong, 1997;
Mandeville and Marota, 1999; Buxton et al., 2004). Thus, in
addition to developmental changes in neural information
processing, these changes of neurovascular coupling will
alter the BOLD signal at different ages.
3. Neurovascular coupling
Neurovascular coupling is the mechanism by which
neuronal activity produces an increase of local blood ﬂow,
termed functional hyperaemia. Roy andSherrington (1890)
postulated that chemical products of metabolism affected
the vessel wall, altering the vessel calibre, and it is often
assumed that functional hyperaemia serves to adjust the
blood ﬂow to meet energy needs. Accumulation of the
metabolic products adenosine and lactate does contribute
to activity-induced blood ﬂow increases (Gordon et al.,
2008; Ko et al., 1990), and metabolic CO2 generation may
promote blood ﬂow after conversion to H+ by carbonic
anhydrase (Colonnese et al., 2008). However, the idea that
a metabolic need signal, such as a fall of oxygen or glucose
concentration, is themain trigger of increasedbloodﬂow in
response toneuronal activity has been supersededwith the
discovery that neurotransmitter mediated pathways alter
blood ﬂow (Akgören et al., 1994; Li and Iadecola, 1994;
Zonta et al., 2003; reviewedbyAttwell et al., 2010), and that
block of these pathways greatly reduces functional hyper-
aemia without affecting energy use by the tissue (Leithner
et al., 2010; Offenhauser et al., 2005; St Lawrence et al.,
2003).
The supply of oxygen and glucose to neurons occurs
mainly across the walls of capillaries in the brain
parenchyma (but with some oxygen passing across arte-
riolar walls: Yaseen et al., 2011; Kasischke et al., 2011).
The amount of blood ﬂow providing these nutrients is
determined by the contractile tone of smooth muscle cells
around pre-capillary arterioles (Fig. 2), which controls the
diameter of the vessels and hence the resistance to blood
ﬂow. Although the basal tone setting the resting blood ﬂow
is, in part, set by mediators released from endothelial cells
lining the blood vessels, changes in blood ﬂow in response
to neuronal activity are evoked by events in neurons and
astrocytes situated in close proximity to the vasculature.
In brief, the release of neurotransmitters from active neu-
rons generates neuron- and astrocyte-derived messengers
(Fig. 2) which either modulate ion channel activity in the
smoothmuscle, leading to a change of intracellular calcium
concentration ([Ca2+]i), or change the calcium-sensitivity
of the contractile apparatus, both of which lead to altered
contraction (reviewed by Attwell et al., 2010; Iadecola,
2004; Koehler et al., 2009). Developmental changes in the
strength of these signalling pathways can therefore alter
the relationship between neuronal activity and the blood
ﬂow response that generates BOLD signals. The remainder
of this section reviews in more detail the main signalling
pathways underlying neurovascular coupling, as a basis
for understanding how developmental changes in compo-Neuroscience 1 (2011) 199–216
nents of these pathways may contribute to changes in the
BOLD signal during development.
3.1. Neurovascular coupling via neuronal nitric oxide
Neuronal activity can dilate blood vessels as a result
of synaptically released glutamate binding to NMDA
(N-methyl-d-aspartate) receptors on neurons, causing a
calcium inﬂux which activates neuronal nitric oxide syn-
thase (nNOS) (Garthwaite et al., 1988). Nitric oxide then
diffuses to the vasculature where it produces vessel dila-
tion (Fig. 2; Busija et al., 2007). Nitric oxide acts as a direct
mediator of neuronally evoked blood ﬂow responses in the
cerebellum (Akgören et al., 1996) whereas in the cerebral
cortex, although it is necessary forNO tobepresent in order
for neural activity induced dilation to occur, changes of
the level of NO are not the primary mediator of vasodi-
lation (Lindauer et al., 1999). In the cortex nNOS is often
found inGABAergic inhibitory interneuronsnearbloodves-
sels (for review see Estrada and DeFelipe, 1998; Hamel,
2006),which can also express other vasoconstrictivemedi-
ators such as neuropeptide Y and somatostatin (Cauli et al.,
2004). Other interneurons, which lack nNOS (Estrada and
DeFelipe, 1998), may release vasoactive intestinal pep-
tide which mediates dilation. In human cortex, and thus
potentially relevant to BOLD studies, in addition to being
present in interneurons, nNOS is also expressed by a sub-
population of excitatory pyramidal cells (Judas et al., 1999;
Wallace et al., 1995), and it has also been reported in excita-
tory pyramidal cells of the rat hippocampus (Burette et al.,
2002).
3.2. Neurovascular coupling via astrocytes
Astrocytes are large glial cells which extend many pro-
cesses that envelope surrounding synapses. They show a
rise of intracellular calcium concentration in response to
synaptic activity, as a result of metabotropic glutamate
receptors being activated by synaptic glutamate release
(Porter and McCarthy, 1996). In humans, an individual
astrocyte may be able to sense the activity at ∼2 mil-
lion synapses (Oberheim et al., 2006). Astrocytes also
form perivascular endfeet on blood vessels (Simard et al.,
2003), and so have an anatomy suitable for signalling
from neurons to arterioles to control blood ﬂow. Cal-
cium concentration rises in astrocytes can lead to arteriole
dilation (Gordon et al., 2008; Takano et al., 2006; Zonta
et al., 2003). This occurs mainly as a result of calcium
activating the enzyme phospholipase A2 (Fig. 2) to gener-
ate arachidonic acid and its vasoactive metabolites, which
include prostaglandins, epoxyeicosatrienoic acids (EETs)
and20-hydroxyarachidonicacid (20-HETE). Becausedevel-
opmental changes in the levels of theenzymes synthesizing
these derivatives, or in their inactivationmechanisms,may
contribute to changes in BOLD signals through develop-
ment, we will brieﬂy review their actions.
Prostaglandins are produced from arachidonic acid
by cyclooxygenase (COX) enzymes, both forms of which
(COX1 in astrocytes and COX2 in astrocytes and neu-
rons) are involved in blood ﬂow control (Niwa et al.,
2000; Takano et al., 2006). COX initially produces
J.J. Harris et al. / Developmental Cognitive Neuroscience 1 (2011) 199–216 203
Fig. 2. Signalling pathways mediating neurovascular coupling. When neurons are active they release glutamate which generates action potentials in
interneurons containing NOS and activates metabotropic glutamate receptors (mGluR) in astrocytes. As a result [Ca2+]i rises in both cell types, releasing NO
and derivatives of arachidonic acid to dilate local arterioles and increase blood ﬂow. In addition arachidonic acid diffuses to arterioles and is converted into
20-HETE which constricts the vessels. K+ release from astrocytes via large conductance Ca2+-activated K+ channels (BKCa channels) may also dilate vessels
by promoting K+ efﬂux through smooth muscle inward rectiﬁer K+ channels (Kir) and thus generating hyperpolarization. Blood ﬂow changes evoked by
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or prostaglandin E2 by PGE synthase. PGE2 relaxes
mooth muscle by activating cyclic AMP production
Davis et al., 2004), ultimately resulting in decreased
yosin light chain phosphorylation (Conti and Adelstein,
980). Prostaglandins also hyperpolarize arteriolar smooth
uscle cells by activating calcium-dependent potassium
hannels (Serebryakov et al., 1994), reducing voltage-gated
a2+ entry and thus decreasing contraction. The actions
f prostaglandins are terminated by re-uptake into cells
xpressing the prostaglandin transporter.
EETs are produced in astrocytes from arachidonic acid
y epoxygenases, a class of cytochrome P450 enzyme
Alkayed et al., 1996; Amruthesh et al., 1993). EETs can
yperpolarize and thus relax smooth muscle by activating
Ca2+ inﬂux through TRPV4 channels which in turn acti-
ates large conductance (BKCa) Ca2+-activated K+ channels
Campbell et al., 1996; Earley et al., 2005). EETs may also
ause relaxation by inhibiting vasoconstricting thrombox-
neA2 receptors (Behmet al., 2009). EETs are inactivatedby
oluble epoxidehydrolasewhich converts epoxides to their
orresponding dihydroxyeicosatrienoic acids (Fang et al.,
001; Iliff et al., 2010; Spector et al., 2004), although EETs
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990).n on this diagram. Vasodilation occurs in the context of constriction of
. Noradrenaline evokes constriction by acting on -adrenergic receptors
he components will alter the BOLD response.
Arachidonic acid formed in astrocytes can also diffuse to
arteriolar smooth muscle and be converted into 20-HETE
by the-hydroxylase enzyme, CYP4A (Gebremedhin et al.,
1998; Metea and Newman, 2006; Mulligan and MacVicar,
2004). 20-HETE constricts smooth muscle by activating
protein kinase C, inhibiting potassium channels and thus
depolarizing the cell and increasing voltage-gated Ca2+
inﬂux (Lange et al., 1997). Although this system alone
constricts arterioles and reduces cerebral blood ﬂow, it
provides an extra mechanism for activity-evoked dilation
which may contribute to the generation of BOLD signals:
NO released by neural activity inhibits CYP4A and thus
reduces 20-HETE mediated constriction (Roman, 2002).
Activity-evoked [Ca2+]i rises can also increase blood ﬂow
by opening calcium-activated potassium channels in astro-
cytes. This leads to an increase in extracellular potassium
concentration ([K+]o) which enhances the conductance of
inward-rectifying K+ channels in smooth muscle, causing
hyperpolarization and vessel dilation (Filosa et al., 2006).
3.3. Vasoconstriction by noradrenaline, dopamine and
5-HTFor the activity-evoked dilation of arteriolar smooth
muscle described above to occur there has to be a tonic
constriction of the arterioles, which is partly produced
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by aminergic input to the vessels. Within the brain
parenchyma, arterioles and capillaries (which can also
be constricted by isolated cells called pericytes (Peppiatt
et al., 2006) although little is known about control of
blood ﬂow at the capillary level) are close to noradrener-
gic terminals of neurons from the locus coeruleus, which
appear to release their transmitter close to astrocyte end-
feet (Cohen et al., 1997; Paspalas and Papadopoulos, 1996).
Noradrenaline constricts brain blood vessels (Raichle et al.,
1975). In part this may be because it increases astro-
cytic [Ca2+]i by acting on 1 receptors (Bekar et al.,
2008; Duffy and MacVicar, 1995) leading to vessel con-
striction, presumably via the 20-HETE pathway described
above (Mulligan & MacVicar, 2004). Noradrenergic inner-
vation can also directly affect vascular smooth muscle.
Smooth muscle cells express both 1 and 2 receptors
(DrewandWhiting, 1979) and activation of these receptors
increases [Ca2+]i leading to vessel constriction (Vanhoutte
and Rimele, 1982). Dopaminergic ﬁbres from the ven-
tral tegmental area and 5-HT-releasing axons from the
raphe nucleus may also contribute to vasoconstriction
(Cohen et al., 1996; Krimer et al., 1998). The arteriole
tone set by the amount of aminergic input may affect
how much blood ﬂow increase is produced by the mainly
glutamate-mediated signalling pathwayswhich dilate ves-
sels in response to synaptic activity. For example dilations
evoked by raising [K+]o or by raising astrocyte [Ca2+]i
pharmacologically are larger when the vessels are more
preconstricted by a thromboxane agonist (Blanco et al.,
2008). Thus, developmental changes in the amine systems
may alter the tone of arterioles and lead to correspond-
ing developmental changes in the blood ﬂow increases,
and BOLD signals, generated by a ﬁxed amount of neuronal
activity.
3.4. Implications
With this overview inmindof themechanismsbywhich
glutamate released by neural activity leads to increases of
local blood ﬂow, and hence to BOLD fMRI signals, we will
now examine how both the brain’s neural circuitry and its
blood ﬂow controlmechanisms alter during brain develop-
ment.
4. Changes in neural circuitry with development
As the brain develops, its processing capabilities
become increasingly sophisticated through changes in sev-
eral components of the neural circuitry. These include
experience-dependent and -independent changes to
synaptic architecture, transmitter signalling, cell numbers,
temporal response characteristics and myelination. This
section follows several of these changes frombirth, through
childhood and adolescence, to adulthood.
Inevitably, much of our knowledge of developmental
changes in neural circuitry and in the systems mediating
neurovascular coupling has come from animals (partic-
ularly rodents) rather than humans. In what follows,
therefore, it is useful to bear in mind the following approx-
imate correspondence between the stages of rodent and
human brain development. The main period of corpus cal-Neuroscience 1 (2011) 199–216
losum myelination in rats and mice occurs from about
postnatal day 7 (P7) to P35 (Hamano et al., 1998), corre-
sponding to human ages from birth to ∼18 years (Lenroot
and Giedd, 2006; Pujol et al., 1993). Human adolescence
has been suggested to map onto rat ages P30–P42 (Spear
and Brake, 1983), with the rat brain being regarded as
adult by P60. As detailed data for developmental changes
were not available for all the species from which data were
taken for this review, anddevelopmental comparisonsmay
be complicated by interspecies differences in the order of
developmental events, we have kept age classiﬁcations to
the broad time windows of childhood, adolescence and
adulthood.
4.1. Cortical thickness and wiring
One of the most remarkable developmental circuitry
changes is apparent in the increase in thickness and then
slower thinning of human cortical grey matter which
occursover theperiod fromchildhood throughadolescence
into early adulthood (Ostby et al., 2009; Paus, 2005; Shaw
et al., 2008; Tamnes et al., 2010), which at least partly
reﬂects the excess formation and then selective deletion
of synapses (this is after the main period of neuroge-
nesis and programmed cell death that occurs earlier in
brain development: Chan et al., 2002). The initial phase
of expansion–underpinned by synaptogenesis in parallel
with dendritic growth (Rakic et al., 1994)—coincides with
rapid changes in the functional properties of neurons and
cortical circuitry (Khazipov et al., 2001). The slower thin-
ning phase – underpinned by activity-dependent synaptic
pruning (Bourgeois and Rakic, 1993; Huttenlocher, 1990)
– allows for the deletion of unnecessary synapses, thereby
increasing processing efﬁciency (Mimura et al., 2003).
While this general pattern is followed across corti-
cal areas, the exact time-course of the expansion and
thinning phases differs depending on the region, and
appears closely related to the developmental timeline of
the behaviour that the region subserves. Synaptogenesis in
the human primary visual cortex, for example, begins in
the foetus reaching a maximum at around 8 months post-
natally, after which visual experience-dependent pruning
decreases synaptic density to the adult level (about 60%
of the maximum) by 11 years (Garey and de Courten,
1983). This timescale correlates with the period of visual
plasticity in infant monkeys, and with the establishment
of visual acuity, stereopsis and oculomotor function in
humans (Garey and de Courten, 1983). In the human pre-
frontal cortex (PFC), on the other hand, grey matter density
increases up until the onset of puberty and then decreases
throughout adolescence and into early adulthood (Toga
et al., 2006; Sowell et al., 2003). Over the period of grey
matter reduction there is amarked behaviouralmaturation
in the social skills that the PFC is considered responsible
for, namely, an understanding of other people’s intentions,
beliefs and desires, and an ability to predict the behaviour
of others (Blakemore, 2008).Over the period of synaptic density changes, speciﬁc
neuronal connections are developed and maintained. The
determinants of which connections become stable are
likely to vary depending on the function of the region, but
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ne common principle is the wiring up of similarly tuned
ells. This is clearly seen in topographic maps, where the
patial layout of sensory input or motor output varies sys-
ematically across a cortical region, and neurons that are
uned to the same spatial ﬁeld have a higher likelihood of
eing connected (Alonso and Martinez, 1998; Hubel and
iesel, 1963). The formation of these maps tends to rely
oth on an intrinsic organisation mechanism – the retino-
ectal map, for example, is patterned in the nasotemporal
nd dorsoventral planes from the earliest stages of tectal
nnervation (Holt and Harris, 1983) – and a component
f experience-dependent development – proper binocular
rganisation in thevisual cortexmap, for example, depends
n visual input from both eyes (Blakemore, 1979). In addi-
ion to sensory and motor regions, topographic maps have
ecently been found in human cortical areas associated
ith high order cognition: visual ﬁeld topography has been
bserved in the parietal (Sereno et al., 2001) and frontal
Kastner et al., 2007) cortex, and may be important for spa-
ial attention,workingmemoryanddecisionmaking (Silver
nd Kastner, 2009). It is as yet unclear, however, on what
ime course these higher order maps develop and on what
rocesses their development depends.
.2. Inhibition
Another important principle of synaptic connectivity
hat develops early on is lateral inhibition, where the
eighbours of excited neurons are inhibited by GABAer-
ic interneurons, thus sharpening the neural response to a
timulus (Sillito, 1975; Crook et al., 1998; Gabernet et al.,
005). This effect requires inhibitory circuitry to develop
longside excitatory circuitry and, indeed, there is evi-
ence that, within days of sensory experience, inhibitory
esponses to sensory stimulation become increasingly
elective and correlated with excitatory responses (in
at auditory cortex: Dorrn et al., 2010; in mouse visual
ortex: Gandhi et al., 2008). In addition to shaping recep-
ive ﬁelds, the balance between excitation and inhibition
ecomes critical for regulating ﬁring rates and infor-
ation ﬂow in the developing network (Akerman and
line, 2007). To achieve this balance, in most brain
egions different GABAergic interneuron classes appear
t different times, which are related to critical periods
n network development. In monkey visual cortex, for
xample, calbindin-containing interneurons appear early
n development, correlated with the onset of the tha-
amocortical innervation, while parvalbumin-containing
nterneurons appear after birth, correlated with the onset
f visually driven activity (Hendrickson et al., 1991).
n humans the GABAergic system in visual cortex con-
inues to mature well into adulthood (Pinto et al.,
010), undergoing three distinct developmental changes
uring childhood (when receptor subunits change), adoles-
ence (when proteins mediating GABA synthesis increase
n level while vesicular uptake falls) and adulthood
when GABA synthesis decreases and vesicular uptake
ncreases).
The development of interneuron networks also plays
role in shaping the temporal characteristics of circuit-
evel activity. While early development is characterizedNeuroscience 1 (2011) 199–216 205
by spontaneous bursts of synchronous activity which are
thought to be critical for the activity-dependent wiring of
similarly tuned cells (Garaschuk et al., 1998; Meister et al.,
1991), later development is characterized by more oscil-
latory network-level activity, particularly in the gamma
frequency range (30–100Hz).Werkle-Bergner et al. (2009),
for example, used EEG in humans to show that visually-
evoked synchronous gamma oscillations developed by
11 years, but were not maximally sensitive to stimulus
changes until adulthood. Gamma oscillations are thought
to be generated by an interaction between stimulus-driven
excitatory and inhibitory activity (Atallah and Scanziani,
2009; Ray & Maunsell, 2010), and therefore the inte-
gration of GABAergic interneurons into the excitatory
circuitry may be important in the development of several
behavioural functions. For example, gamma oscillations
have been suggested as a solution to the binding prob-
lem (Singer and Gray, 1995; but see Ray and Maunsell,
2010), promoting integration of distributed information
for its coherent processing and possibly contributing
to the improving executive function seen throughout
adolescence (Blakemore and Choudhury, 2006). Gamma
oscillations may also have a direct role in learning and
memory, as their synchronisation of synaptic inputs has
been shown to directly enhance synaptic strength (König
et al., 1995; Salinas and Sejnowski, 2001).
4.3. Myelination
Synaptic synchrony is also increased throughout devel-
opment by myelination, which is now known to play a
role in ﬁne tuning the timing of spike arrival (Salami et al.,
2003; Seidl et al., 2010) and thus increasing connectionefﬁ-
ciency (Hagmann et al., 2010). The human corpus callosum,
for example, undergoes an intricate myelination process
throughout childhood and adolescence, with several thick-
ness changes thought to result from varying the degree
of myelination (Luders et al., 2010), possibly in order to
ﬁne tune input arrival times in cortical areas. A similar
process of myelin maturation, involving changes in axonal
diameter and myelin wrap number and density, occurs
postnatally across thewhole brain in awave fromposterior
to anterior regions. Theprogression is slow,with the frontal
lobes being the last to myelinate towards the end of ado-
lescence (Fields, 2008) and the white matter not becoming
fully mature until well into adulthood (20–30 years, Benes
et al., 1994; Yakovlev and Lecours, 1967). One potential
beneﬁt of this slow progression is in maintaining white
matter plasticity in regions that can be inﬂuenced by expe-
rience and learning, through activity-dependent effects on
myelination (reviewed in Markham and Greenough, 2004;
Ullen, 2009). For example, Bengtsson et al. (2005) used dif-
fusion tensor imaging (DTI) to show that myelination in
many regions, including the corticospinal tract (a white
matter tract involved in voluntary skilled movements of
distal limbs), is positively correlated with amount of piano
practice in children. They also found a positive correla-
tion between myelination and piano practice in adults,
but mainly in corticocortical pathways and not in the now
mature corticospinal tract.
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4.4. Amine system development
Another relatively slow process is the maturation of
amine neurotransmitter systems, which are thought to
play key roles in cognitive development. The dopamine,
serotonin and noradrenaline networks, which are closely
involved in mood and attention, undergo large-scale
changes at several developmental stages, from the infant
to the ageing brain. Catecholamines and serotonin, for
example, show early postnatal surges of development on
different timescales (Lambe et al., 2000; Murrin et al.,
2007), inﬂuencing the functional development of differ-
ent cortical systems (Levitt et al., 1997). Broadly speaking,
noradrenaline synthesis and endogenous concentration
increases steadily throughout the brain until adulthood
(Goldman-Rakic and Brown, 1982). Serotonergic devel-
opment occurs more quickly, reaching mature levels
of synthesis and concentration by childhood, with the
largest percentage increases occurring in the parietal
and occipital cortex (Goldman-Rakic and Brown, 1982).
Dopamine synthesis and concentration, on the other hand,
tends to peak during adolescence, and gradually decrease
towards adulthood, remaining the highest in frontal
regions (Goldman-Rakic and Brown, 1982). These changes
are accompanied by dramatic changes in those behaviours
that the dopamine system is thought to subserve, namely,
reward-seeking and incentive-driven action, which also
peak during adolescence (Wahlstrom et al., 2010).
4.5. Plasticity in the mature brain
Finally, even after these large-scale neural features have
reachedmaturity, the brain retains a high level of plasticity.
Synapses can alter their strength on the basis of activity,
allowing us to learn and remember new things, throughout
life. Entire cortical regions retain the capacity to reorganise
themselves, and may do so in extreme circumstances, such
as the loss of part of a limb (Merzenich and Jenkins, 1993).
4.6. Implications
The developmental neural circuitry changes discussed
here (andschematized inFig. 3),whichcanbeclosely linked
to behavioural changes, are often the very neurophysiolog-
ical features that we hope to track across ages with fMRI,
and their particular effects on theBOLDsignal arediscussed
in Section 7. However, less commonly considered are par-
allel developmental changes in the microvasculature and
neurovascular coupling,whichmay have confounding age-
related effects on the BOLD signal. It is therefore important
to have a clear picture of how these components of the
vascular system develop alongside the neural circuitry.
5. Changes in neurovascular coupling with
development
The relationship between neuronal activity and blood
ﬂow depends critically on the characteristics of the sig-
nalling pathways regulating blood ﬂow. It not only varies
between brain regions (Sloan et al., 2010), but can depend
on which set of afferents to a brain area is activated.Neuroscience 1 (2011) 199–216
For example, even at a ﬁxed developmental stage, Enager
et al. (2009) found that the relationship between neu-
ral activity and blood ﬂow response differed within the
same small cortical area, the barrel ﬁeld of the primary
somatosensory cortex, depending on which set of synap-
tic inputs was activated. Stimulating at a low frequency
evoked a larger blood ﬂow response when stimulation
was applied to the thalamocortical afferents than when
applied to trans-callosal inputs from the contralateral cor-
tex, whereas at high stimulation frequencies the relative
inﬂuence of the two pathways was reversed. Thus neu-
rovascular coupling exhibits pathway-speciﬁc signalling
differences, possibly reﬂecting differences in the signalling
molecules involved (Gotoh et al., 2001) or in the anatom-
ical arrangement of the neurons (and astrocytes) relative
to the blood vessels they control. These differences in the
dependence of blood ﬂow on neural activity even in the
same cortical area and at the same developmental stage
show that a constant relationship between BOLD signal
and neural activity cannot be taken for granted as neu-
rovascular coupling changes during brain development.
This is reinforced by the fact that human regional cere-
bral blood ﬂow at the age of 5–6 years is 50–85% higher
than that in the adult or at birth (Chiron et al., 1992). Dur-
ing development the brain undergoesmany changeswhich
have the potential to alter neurovascular coupling, rang-
ing from the development of the vasculature to changes
of the expression of enzymes responsible for producing
vasoactive mediators. This section will give an overview
of the changes that occur in neurovascular coupling during
development.
5.1. Vascular development
At birth vascular development is incomplete, and the
vasculature matures as the brain develops. From new-
born to adult, the primate cerebral vascular vessel volume
increases 2.7-fold and the mean distance between any
point in the tissue and the nearest vessel decreases by
32% (Risser et al., 2009). Similarly, in rat, the capillary vol-
ume fraction increases 3-fold between postnatal days 7
and 20 (corresponding in humans roughly to the period
from birth to adolescence) and then decreases slowly to
becomeapproximately30% less inadulthood (Keep& Jones,
1990). These changes in blood volume fraction will, other
things being equal, produce proportional changes in BOLD
signal with development (Ogawa et al., 1993; Bandettini
and Wong, 1997; Mandeville & Marota, 1999; Buxton et al.,
2004). Vessel growth results from a mismatch in microvas-
cular supply and metabolic demand, so that areas that use
more energy become more highly vascularized than less
active areas (Riddle et al., 1993; Weber et al., 2008). In both
the cerebral and the cerebellar cortices of rats, the vascu-
lar density increases through early development from the
inside to the outside of the tissue (Conradi et al., 1980; Yu
et al., 1994), while in cat visual cortex the rich capillary
supply to the highly active layer IV is not present at birth
but appears at 5 weeks postnatally (Tieman et al., 2004).
Similarly, human cerebral cortical studies show a rapid
increase in blood vessel density between either 26–35 ges-
tational weeks (Mito et al., 1991) or post 36 gestational
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Fig. 3. Summary of the developmental time courses of changes in neural information processing mechanisms (top) and of components of the signalling
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ilac from rat or mouse; red from cat; pink from pig; light orange from ra
eeks (Miyawaki et al., 1998). In a study of foetal and
uvenile vasculature, radially orientated vessels were seen
t 15 gestational weeks, with lateral branching observed
t 20–27 weeks (Norman and O’Kusky, 1986). Branching
ccurs at an earlier stage in the lower half of the cortex
n keeping with the inside to outside pattern mentioned
bove. Capillary formation occurs after birth and is most
rominent in vascular layer 3/neuronal laminae IV and Va
starting between term and 3 months postnatal: Norman
nd O’Kusky, 1986). Other post-birth changes include a
ecrease inpial vessel coverageof thebrain’s surfaceoccur-
ing over the ﬁrst postnatal years (Norman and O’Kusky,
986). During the developmental increases of blood vessel
ensity in the brain parenchyma, neural activity presum-). Changes shown in blue are from human data; green is from macaque;
ably is not coupled to blood ﬂow increases as efﬁciently as
when the vasculature is fully developed.
5.2. Neuronal NOS development
Interneuron numbers and the vasoactive substances
they produce show developmental changes, which will
alter the neuronal pathway of neurovascular coupling
(Fig. 2). In mice the number of nNOS containing interneu-
rons in the mouse cerebral cortex decreases somewhat
with age (Eto et al., 2010), with higher expression for
the ﬁrst two postnatal weeks and a decrease from four
to eight weeks (i.e. through adolescence and into adult-
hood). There is disagreement over whether the number
ognitive208 J.J. Harris et al. / Developmental C
of nNOS expressing neurons then increases or decreases
as animals become senile (Reuss et al., 2000; Sánchez-
Zuriaga et al., 2007). The total level of nNOS (reﬂecting
number of cells expressing NOS and expression level per
cell) has also been studied in the ﬁrst few weeks of rodent
postnatal life (Ogilvie et al., 1995; Riobo et al., 2002). Cyto-
plasmic nNOS is expressed weakly at embryonic stages
and increases in early development. The age at which the
peak expression is reached varies between brain regions
being, for example, P9 in the neocortex and P20 in the cere-
bellum. Expression then declines to an adult level, with
the time taken for this process varying between regions,
occurring between P12-15 in the neocortex and P20-60
in the cerebellum (Ogilvie et al., 1995). Studies of nNOS
development in human cortex have focussed on foetal and
adult expression, and information on juvenile and ado-
lescent expression is lacking. Expression of nNOS in the
human cerebral cortex has a similar distribution to that
in the foetal brain but at a lower density: the density of
nNOS expressing cells increases from 13 to 32 gestational
weeks (GW) and then decreases (Ohyu and Takashima,
1998; Downen et al., 1999). Two types of nNOS positive
interneuron are found in developmental studies (Estrada
and DeFelipe, 1998; Ohyu and Takashima, 1998). Type 1
cells are large and intensely stained, appear at 15–18GW
(Ohyu and Takashima, 1998; Yan et al., 1996), and reach
an adult distribution at 32GW. Type 2 cells are smaller
and more weakly stained, appear at 26–32GW (Ohyu and
Takashima, 1998; Yan et al., 1996), and increase in expres-
sionuntil term. Thepattern of expression follows the inside
to outside development mentioned above.
5.3. Astrocyte development
Astrocytes also showdevelopmental changes in size and
connectivitywhichmay affect the size and spatial extent of
bloodﬂowresponses causedbyneuronal activity. Immuno-
cytochemical study of cat visual cortex found that mature
astrocytes only develop in the 3rd postnatal week, reach-
ing adult density at the 4th week and then continuing to
mature until 7 weeks after birth (Müller, 1992). Astrocytes
increase in number and size during development, reaching
their adult number by about P24 in rat hippocampus and
P50 in rat cortex (Nixdorf-Bergweiler et al., 1994; Stichel
et al., 1991). Changes in density and size are accompanied
by changes in morphology, such as branching and orien-
tation. Gap junctional coupling of astrocytes, which may
enlarge the area over which neuronal activity can inﬂu-
ence blood ﬂow, develops by P11 in rat visual cortex, and
remains stable throughout development (Binmöller and
Müller, 1992), although before this stage astrocytes appear
not to be coupled.
Developmental changes in the expression of the
metabotropic glutamate receptors (mGluR5: Romano et al.,
1995) which raise astrocyte [Ca2+]i in response to neuronal
activity may alter the astrocytic pathway of neurovascular
coupling. mGluR5 is highly expressed in the brain dur-
ing early life (rat postnatal day 1) and decreases within
the ﬁrst postnatal weeks to an adult level between P30
and P60 (Catania et al., 1994). The decrease in expres-
sion differs between brain regions: mGluR5 expressionNeuroscience 1 (2011) 199–216
in the hypothalamus decreases 6 fold, whereas in the
cortex expression decreases by only 3 fold (van den
Pol et al., 1995). These measurements include mGluR5
expressed on neurons, but suggest that there may be
signiﬁcant developmental changes in astrocyte signalling
downstream of mGluR5 mediated by arachidonic acid
derivatives, since mGluR5 expression correlates with the
amount of phosphatidylinositol hydrolysis evoked by an
mGluR agonist (Casabona et al., 1997). Prostaglandin sig-
nalling from astrocytes to blood vessels is probably altered
during development. Prostaglandin synthesis in rat brain
homogenates or induced by convulsions in in vivo brain
is low at postnatal day 1 and increases strongly to adult
levels in three weeks (Seregi et al., 1987), suggesting that
prostaglandin induced dilations will increase with devel-
opment. Similarly, expression of prostaglandin receptors
is lower in newborn pigs than in adults (Li et al., 1995).
However, the signalling consequences of upregulation of
prostaglandin synthesis and receptor density with devel-
opmentareopposed, over theﬁrstpostnatalmonth inmice,
by an increase in expression of the transporter (PGT)which
terminates prostaglandin signalling (Scaﬁdi et al., 2007).
Astrocyte-mediated increases in blood ﬂow may also
be altered by developmental changes in the expression or
properties of potassium channels, including the calcium-
activated large conductance (BKCa) K+ channels expressed
on astrocyte endfeet, as well as inward rectifying potas-
sium channels on vascular smooth muscle (Filosa et al.,
2006). For example, in rabbit Müller cells (astrocyte-like
cells found in the retina), the openprobability of BKCa chan-
nels strongly decreases within the early postnatal period,
possibly due to the resting potential becoming more neg-
ative (Bringmann et al., 1999). As a result, to activate the
channel in older cells requires both a strong depolariza-
tion and an increase in intracellular calcium, whereas in
early postnatal cells only a small change in membrane
potential is needed toactivate the channels, suggesting that
neurovascular coupling mediated by these channels might
become less efﬁcient with age.
5.4. Vasoconstricting pathways
All of these developmental changes in vasodilating
pathways may be potentiated or opposed by correspond-
ing effects on constricting pathways, including either the
aminergic pathways that help to set the basal tone of the
arterioles (Blanco et al., 2008) or the 20-HETE pathway
which can constrict vessels in response to astrocyte [Ca2+]i
rises (Mulligan and MacVicar, 2004).
5.5. Implications
The complex developmental changes in components of
the signalling systems mediating neurovascular coupling
that we have outlined above (and schematized in Fig. 3) do
not provide a simple prediction for how neuronal activity
evoked blood ﬂow changes, and hence the BOLD response,
will alter, suggesting that far more research is needed to
understand this. However, they highlight the importance
of considering how developmental changes in the BOLD
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ignalmay in somecases reﬂect factors other thanneuronal
ctivity.
. Changes in neural energy use with development
In Section 2 we explained that the magnitude of the
OLD signal is affected by the O2 use of the area of brain
eing studied—the larger is the increase of O2 use evoked
y neural activity (relative to the increase of blood ﬂow)
he smaller is the positive BOLD response. Although many
actors affect the O2 use, most brain energy in primates is
redicted to be used on synaptic transmission (Attwell and
aughlin, 2001), and this conclusion has been reinforced by
he fact that action potentials are now thought to use 3-fold
ess energy than was originally believed (Alle et al., 2009).
hus, the neural activity evoked increase of O2 consump-
ion is expected to increase with the increase of synaptic
ensity that occurs over the ﬁrst ∼10 years of life, and to
ecrease as synaptic pruning occurs later on. Indeed, O2
sage has been reported to rapidly increase with synapse
evelopment in children (Muramoto et al., 2002) and later
o slowly decrease by ∼0.5% per year with ageing in the
dult (Pantano et al., 1984; Leenders et al., 1990; Takada
t al., 1992).
A greater fractional increase of neural activity-evoked
nergy (O2) use than of blood ﬂow has been postulated
o occur in infants and young children to explain why (in
ontrast to the situation in neonates and adults) over a
ew years of early development infants and young children
how negative BOLD signals in response to sensory stim-
lation, i.e. a decrease of MRI signal rather than the usual
ncrease (Andersonetal., 2001;Bornetal., 1998;Muramoto
t al., 2002; Yamada et al., 1997). Of concern for the inter-
retation of developmental changes in BOLD signals, the
ransition from a negative BOLD signal (in infants, when
he task-evoked increase in O2 use outweighs the increase
n bloodﬂow) to a positive BOLD signal (when, as is usual in
dults, the increase of blood ﬂowoutweighs the increase in
2 consumption) implies that at some intermediate devel-
pmental stage it is possible for an active area to show
o BOLD response. This would occur if the increase of O2
se and the increase of blood ﬂow cancel out each other’s
ffects on the deoxyhaemoglobin level. For a study start-
ng from this (young) age, the developmental increase in
ask-evoked blood ﬂow increase (relative to that of O2 use)
ould result in the appearance of activation in an area that
reviously did not show it, even if that area was equally
nvolved in processing the information at all ages.
. How do developmental changes of neural
ircuitry and of neurovascular coupling combine to
roduce developmental changes in BOLD signals?
Many of the neural changes that underpin behavioural
hanges during development are expected to have clear
ffects on the BOLD signal, making their detection possible
ith fMRI. Itwould be ideal if this notion could be reversed,o that changes in BOLD signals could be assumed to reﬂect
change in the underlying neuronal processing of informa-
ion. Conclusions based on BOLD data, however, depend
ritically on the usually unstated assumption that thereNeuroscience 1 (2011) 199–216 209
are no confounding changes in the neurovascular coupling
that generates the BOLD signal. Given the vast array of
developmental changes in themechanismsmediating neu-
rovascular coupling, which we have described above, it
would be extremely surprising if they did not contribute
signiﬁcantly to at least some of the developmental changes
in BOLD signals that have been observed experimentally.
Developmental changes in BOLD signals include those
showing the appearance at one developmental stage of a
BOLD response in an anatomical region where it does not
occur at another developmental stage (e.g. Blakemore et al.,
2007; Monk et al., 2003; Passarotti et al., 2003), a change in
the amplitude of the BOLD signal at one anatomical loca-
tion (e.g. Casey et al., 1995; Durston et al., 2006; Keulers
et al., 2011; Kwon et al., 2002; Maril et al., 2010; Monk
et al., 2003; Turkeltaub et al., 2008; Wang et al., 2006),
or an expansion or contraction of the spatial area acti-
vated within one anatomical region (e.g. Casey et al., 2002;
Durston et al., 2006; Gaillard et al., 2000, 2003; Golarai
et al., 2007; Kwon et al., 2002; Passarotti et al., 2003). We
will now consider the possible problems of interpreting
each of these kinds of change.
7.1. Alterations of activation locus
In general, a movement of the locus of BOLD activa-
tion is interpreted as the involvement of a new area for
processing of information to perform a task, as the neu-
ral wiring progresses and regional specialisation develops.
For example, tasks taxing social cognition start to activate
the right superior temporal sulcusmore (and theprefrontal
cortex less) as development proceeds (Blakemore et al.,
2007), suggesting a change in the neural strategies under-
pinning social cognition. Similarly,Monket al. (2003) found
a loss of the amygdala response to viewing fearful faces on
going from adolescence to adult, and Holland et al. (2001)
found increased left hemisperic lateralization of responses
with age during a verb generation task. Alteration of the
anatomical location of an activated area is the develop-
mental change in BOLD response that is most likely to
unequivocally reﬂect changes occurring in the underlying
neuronal information processing (but see Section 6 for a
scenario where activity could evoke no BOLD response at
a young age and a positive BOLD response in the adult, as
a result of a decrease with development of the ratio of O2
use evoked by activity to blood ﬂow increase evoked by
activity).
7.2. Alterations of BOLD amplitude at one anatomical
location
Increases or decreases in BOLD signal amplitude with
development are usually interpreted as indicating more
or less involvement of neuronal activity in the activated
area in the task being performed. For this conclusion to be
secure, however, it is necessary to be sure that the altered
amplitudedoesnot simply reﬂect a change inbloodvolume
fraction (see Section5.1) or in the strengthofneurovascular
coupling, for example producing a larger increase of blood
ﬂow for the same amount of neural activity and energy use,
and thus producing a larger BOLD signal.
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In rats, BOLD signals increase in amplitude and decrease
in latency with development (Colonnese et al., 2008) and
some human studies also report a shorter latency for BOLD
signals in adults than in children (Brauer et al., 2008; but
seeRichter andRichter, 2003). Thismight be expected from
many of the developmental changes in the neural circuitry
summarized in Section 4, e.g. the development and reﬁne-
ment of synaptic connections leading to more effective
excitation in adults (indeed Colonnese et al. (2008) found
that neural excitation occurred with a decreased latency
at older ages), increased myelination leading to more syn-
chronyof incoming synaptic activation (Fornari et al., 2007;
Olesen et al., 2003), and perhaps a greater inﬂuence of
attention mediated by amine transmitter systems. How-
ever, the many developmental changes in neurovascular
coupling noted in Section 5 are also likely to contribute to
developmental alterations of BOLD signal amplitude and
latency.
First, as noted in Section 6, a developmental increase
in the amplitude of the positive BOLD signal can result
from the activity-evoked blood ﬂow increasing more with
age than does the activity-evoked O2 use, for example
as a result of the developmental maturation of the sys-
temsmediating neurovascular coupling. Complicating this,
however, the extra blood ﬂow and O2 use evoked by
neural activity may have different dependencies on the
amount of neural activity occurring, as seen in visual cortex
where increasing the number of active neurons appar-
ently increases O2 use more than it increases blood ﬂow,
resulting in an unchanged or even a smaller BOLD signal
(Goodyear and Menon, 1998; Marcar et al., 2004a,b). This
implies that the age-related changes of BOLD signal may
depend critically on the amount of neural activity produced
by the task.
Second, the increase of vascular volume fraction that
develops with age (Keep & Jones, 1990; Risser et al., 2009)
is expected to increase the BOLD signal (Ogawa et al., 1993;
Bandettini and Wong, 1997; Mandeville & Marota, 1999;
Buxton et al., 2004), all other factors being equal. On the
other hand, the increase in vascular density may lead to
a decrease in the fall of deoxyhaemoglobin level occur-
ring during activity and thus decrease the BOLD signal,
as suggested by Marcar et al. (2004b) when comparing
the more highly vascularized visual cortical area V1 with
V2 (although differences in the information processing
occurring in V1 and V2 could also contribute to the dif-
ferences observed). An increased vascular density, perhaps
decreasing the distance that neurovascular messengers
must diffuse to increase blood ﬂow, may also explain the
decrease of BOLD latency with development (which is too
large to be accounted for by alterations of the onset of neu-
ral activity: Colonnese et al., 2008).
Third, developmental alterations of the basal tone pro-
vided by amine transmitter systems may alter the blood
ﬂow response to neural activity, and thus alter the BOLD
response, even in the absence of changes of neuronal infor-
mation processing. However, it is currently unclear exactly
how an increased baseline vasoconstriction might alter
the BOLD signal. One possibility is that an overall lower-
ing of blood ﬂow and volume would simply reduce the
BOLD signal. On the other hand, tighter vasoconstrictionNeuroscience 1 (2011) 199–216
might increase the amount by which a vessel can dilate in
response to glutamatergic transmission, thereby increas-
ing activity-related blood ﬂow responses and BOLD signals
(Blanco et al., 2008). Consistent with this, dilation of blood
vessels with CO2 to increase basal blood ﬂow has been
shown to decrease the BOLD response (Cohen et al., 2002)
and also alters the apparent area of activation by altering
the signal to noise ratio (Thomason et al., 2005). Of course
developmental changes in amine systemswill also produce
changes in neuronal function, for example dopamine sys-
tem development between childhood and adulthood can
directly modulate the excitability of interneurons in the
prefrontal cortex (Tseng and O’Donnell, 2007). The chal-
lenge, as with “pharmacological fMRI” of adults in which
amine systems are manipulated with drugs (Attwell and
Iadecola, 2002), is to separate amine effects on neuronal
function from effects on neurovascular coupling.
7.3. Expansion or contraction of the spatial area
activated within one anatomical region
Changes in the area showing BOLD activation within
an anatomical region are often used to infer changes in
the underlying neuronal processing. An expansion of the
activated area of V1 after trace (but not after delay) eye-
blink conditioning of rabbits (Miller et al., 2008) was
interpreted as showing that more neurons were activated
after learning to carry out the more cognitively complex
task. In humans, expansion of activated somatosensory
and motor areas over a three-week period of motor skill
acquisition was considered to reﬂect the cortical plastic-
ity that underpinned performance improvement (Karni
et al., 1998; Hlusˇtík et al., 2004). Importantly, while Miller
et al.’s work studied relatively rapid changes in synaptic
strength, allowing unequivocal conclusions to be reached,
for longer-term learning and developmental studies over
greater time durations changes in neurovascular coupling
need to be ruled out as a cause of the activated area alter-
ing in size. In addition, because changes of the amplitude of
the BOLD signal also commonly occur during development,
it is essential to consider the possibility that the activated
area merely appears to change in size because of an altered
signal to noise ratio.
Changes in the spatial scale of neurovascular coupling
may come about as a consequence of the developmen-
tal changes described in Section 5. Alterations of enzyme
levels (see Section 3) will change the spatial area over
which levels of neurovascular messengers are produced at
a high enough concentration to affect blood vessels, and
the development of the astrocyte network (Binmöller and
Müller, 1992) may allow neurons to inﬂuence more dis-
tant vessels. Furthermore, the development of the vascular
network itself may either provide more spatially localized
control of blood ﬂow (due to local control of individual ves-
sels developing within a network which has increased in
vessel density) or allow activity in one area to inﬂuence
blood ﬂow over a larger area (if vascular dilatory responses
propagate back to larger vessels which feed a larger vol-
ume of brain: Iadecola et al., 1997). However, whereas the
expansion of the activated area reported by Miller et al.
(2008) occurred on a millimetre scale, neurovascular cou-
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ling changes seem more likely to alter blood ﬂow on a
cale of a few hundred microns.
Frequently, brain development is associated with a
ecrease in the area activated in BOLD studies, presum-
bly correlating with the reﬁnement of cortical wiring
eing accompanied by a shift from spatially diffuse brain
ctivity to more focal brain activity, as regional special-
sation emerges. For example, Casey et al. (2002) in the
triatum and hippocampus, and Gaillard et al. (2000) and
assarotti et al. (2003) in the cortex, using stimulus-
esponse compatibility, verbal ﬂuency, and face matching
asks, respectively, found that progression from childhood
o adulthood was accompanied by a shift from diffuse to
ore focal activation. This supports the idea that, before
recise synaptic pruning, the less efﬁcient connections that
xist result inmorewidespreadactivity in response to tasks
hat later activate only highly specialised brain areas.
Part of the increasing spatial localizationof BOLDsignals
hat occurs in such studies may reﬂect the development
f inhibitory circuits. GABAergic signalling is thought to
ecrease the BOLD signal by inhibiting excitatory cells,
hus reducing glutamate release and decreasing the local
BF response (Lauritzen, 2005; Lauritzen and Gold, 2003;
uthukumaraswamy et al., 2009; Donahue et al., 2010).
his may enhance the spatial localization of positive BOLD
esponses by generating an area of decreased neuronal
ring and decreased blood ﬂow around a central area
f increased cell ﬁring (Devor et al., 2007). This devel-
pment of inhibitory responses may also contribute to
parser stimulus-evoked activation. In adult monkeys, for
xample, visual object learning is associated with more
electiveobject representation in the inferior temporal cor-
ex (Baker et al., 2002; Sigala and Logothetis, 2002), and in
umans, the fusiform face area (FFA) has been shown to
espond to faces with increasing selectivity across devel-
pment from childhood to adulthood (Peelen et al., 2009).
imilarly, the spatial receptive ﬁeld organisation in topo-
raphically mapped regions becomes increasingly reﬁned,
nd blocking inhibition removes this speciﬁcity (Sillito,
975, Crook et al., 1998). As noted in Section 3, some
nhibitory interneurons release nitric oxide. Thus, in addi-
ion to indirectly reducing the BOLD signal by inhibiting
lutamatergic neurons, interneuron activity can inﬂuence
he BOLD signal through the release of NO and other
asoactive agents which directly regulate the local blood
ow.
In early development, GABA is not inhibitory but
roduces depolarizing potentials, perhaps providing an
xcitatory drive for synapse formation before glutamate
akes over (Ben-Ari et al., 1989; Ben-Ari, 2002; Cherubini
t al., 1991; Tyzio et al., 2011; but see Rheims et al., 2009).
his occurs because at young ages the Nernst potential for
he Cl− ions that pass through GABAA receptors is more
ositive than the resting potential. The reduction and spa-
ial sharpening of the BOLD signal by inhibitory activity
ay, therefore, not be in effect until glutamate and GABA
re well established in their mature roles as excitatory
nd inhibitory neurotransmitters. Once GABA is inhibitory,
ncreases in the strength of GABAergic inhibition may
ecrease the size of the BOLD signal (Muthukumaraswamy
t al., 2009; Donahue et al., 2010), thus decreasing theNeuroscience 1 (2011) 199–216 211
signal to noise ratio and possibly decreasing the area
apparently activated, or even induce negative BOLD signals
(Northoff et al., 2007).
8. Can neurovascular coupling changes ever be
ruled out as a cause of developmental BOLD
changes?
The main message of this review is that developmental
changes in neurovascular coupling are likely to contribute
to observed developmental changes in BOLD signals. How,
then, can the BOLD researcher reliably attribute changes in
BOLD signals to a change in neural information processing
rather than a change of blood ﬂow control? While there
is no simple answer to this question, we believe there are
three approaches to the problem.
First, being aware (for example from animal work) of
the changes of neurovascular coupling and blood volume
fraction that are occurring in the region of interest over the
period under consideration, itmay be possible to rule them
out as a cause of the changes seen. For example, changes
in the spatial scale of BOLD responses may be larger than
is plausible to be explained by changes in astrocyte mor-
phology or blood vessel branching patterns, as outlined
above. Similarly, changes that occur rapidly as a result of
learning, at a time after the enzyme systems controlling
blood ﬂow have matured, are unlikely to reﬂect alterations
of neurovascular coupling or blood volume fraction. How-
ever, it is always possible that studies which document a
change during development in the amplitude of the BOLD
signal in a particular area may be confounded by devel-
opmental changes of neurovascular signallingmechanisms
(or neuronal energy use) that have yet to be discovered by
researchers working at the cellular level. Measuring how
development alters some parameter of the stimulus that
evokes a BOLD response may suggest an explanation in
terms of changes of neural information processing (e.g.
an increase in a parameter describing the speciﬁcity of a
stimulus may be interpreted in terms of increasing lateral
inhibition between cortical columns or between different
cortical areas), but it is still necessary to consider whether
non-linear changes in the relationship between neuronal
activity and blood ﬂow could account for the data. It is not
obvious how any kind of subtractive protocol design can
get around the need to consider possible confounding by
changes of neurovascular coupling.
Second, detailed information on the changes of neu-
rovascular coupling and of neural energy use occurring
over the period of a study will often not be available, par-
ticularly for humans. In this case a functional approach
needs to be taken. Church et al. (2010) have put forward
the notion that neurovascular coupling changes cannot be
the cause of changes of BOLD signal during development
if different tasks produce opposing changes with develop-
ment in the same area (i.e. one task produces an increase
in response with development, while the other task pro-
duces a decrease with development). This is a promising
approach, but oneneeds to be sure that the same input con-
nections to the area studied are activated for both tasks. As
noted in Section5, the relationship betweenbloodﬂowand
neuronal activity is different for different inputs to cortical
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regions (Enager et al., 2009), and so may undergo different
developmental changes.
Thirdly, it may be advantageous to document, and try to
understand, developmental BOLD changes in simpler “low
level” neural circuits, suchas thevisual, somatosensory and
auditory cortices, the wiring and function of which are rea-
sonably well known, in order to have a better framework
for interpreting changes of BOLD signals in “higher” areas
where the neural basis of the information processing is far
more poorly understood. We therefore advocate the con-
struction of a publicly accessible database as a repository
in which to deposit atlases of BOLD responses to standard
stimuli, recorded in a standardised imaging setting at key
developmental stages. The stimuli used could include sta-
tionary and drifting gratings or random moving dots for
the visual system, vibration to the skin for the somatosen-
sory system, and tone sequences for the auditory system
(some stimuli for which BOLD signals in sensory cortices
are reasonably well understood in terms of the responses
of neurons are collected by Schölvinck et al., 2008).
Ultimately, a full understanding of developmental
changes in BOLD responses is likely to require much work
characterizing how neurovascular coupling alters, in order
to isolate changes produced by the maturation of neural
information processing. Being aware of this issue is cru-
cial for the rigorous interpretation of developmental fMRI
studies.
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